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Foreword 
Market prices not fully reflecting the social costs of production, transport and 
consumption lead to non-optimal allocation of resources. Internalization of the 
external costs of transport may create a more optimal allocation. For this, however, 
estimates of environmental damage costs are necessary. Based on the 'cost of 
avoiding environmental damage' method this paper estimates the marginal and 
average costs of reducing SO2 and NO, emissions in the ECIEFTA region. 
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One important element of economic integration in the European Community is the 
internalization of the social costs of production and transport. Insofar as market prices do not 
reflect the full social costs of production and transport this causes distortions in the allocation 
of resources. Consumption and production of goods and services can cause negative external 
impacts, such as damage to the environment as a result of pollution. If no compensation is 
given to the victims of these externalities, the costs of consumption and production will be 
higher than optimal from a social point of view. Internalizing the full social costs thus 
contributes to an optimal allocation of scarce resources. This, however, requires the 
estimation of the social damage caused by externalities such as pollution. 
Many methods are available and have been applied to estimate the damage (compare 
Barde and Pearce, 1991; Cropper and Oates, 1991; Hufschmidt et al., 1988). One can 
distinguish direct and indirect techniques. Direct approaches use surveys which ask people 
to define trade-offs between environment and other goods. Indirect approaches attempt to 
infer from actual choices people make, such as where they live or they work, the value 
people place on a clean environment. Indirect methods can make use of: 
changes in values of output, 
losses of earnings, 
travel costs, 
wage differentials, 
replacement costs, and 
preventive expenditures or avoidance costs. 
In the latter case peoples' expenditures for eradicating or reducing the adverse effects of 
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pollution are used as indicators, e. g. for the liming of lakes to reduce negative impacts of 
acidification. 
Costs of avoiding environmental damage, by means of controlling pollution at the 
source, can be used as an estimate of the economic value of environmental damage. The 
major advantage of that method is that estimation of pollution control costs is usually easier 
than the estimation of the damage. The disadvantage is that the method does not relate 
directly to actual damage, but assumes that the damage avoided by reducing pollution up to 
a certain level is higher than the costs of controlling pollution up to that level. In other 
words, marginal damage costs are assumed to be higher than marginal pollution control 
costs. 
As part of a project on internalizing the social costs of transport, the Swedish NGO 
(Non-Governmental Organization) Secretariat on Acid Rain asked IIASA to estimate the costs 
of controlling sulfur and nitrogen oxides emissions in the ECJEFTA region (KAgeson, 1992). 
In order to allow further elaboration of this approach, this paper estimates costs of reducing 
sulfur dioxide and nitrogen oxide emissions in the ECJEFTA region. For this purpose the 
following data are produced: 
1. Marginal and average costs of reducing NO, emissions in the whole ECJEFTA region 
and for specific countries (Germany, Spain, United Kingdom, Italy, the Netherlands 
and France), by 30 % and 50% (compared to 1985) and according to the'application 
of best available technologies (BAT). Cost estimates are given for the year 1990 and 
2000. 
2. Marginal and average costs of reducing SO2 emissions in the whole ECjEFTA region 
and for specific countries (Germany, Spain, United Kingdom, Italy, the Netherlands 
and France), by 60 % and 80% (compared to 1980) and according to the application 
of best available technologies (BAT). Cost estimates are given for the year 1990 and 
2000. 
The results presented in this paper are extracted from version 6.0 of the RAINS 
(Regional Acidification INformation and Simulation) model, developed at the International 
Institute for Applied Systems Analysis. 
The remainder of the paper is as follows. Section 2 describes the method for 
calculating the average and marginal costs of controlling NO, and SO2 emissions. The 
resulting costs are presented and elucidated in Section 3. 
2 METHOD OF COST CALCULATION AND DATA USED 
2.1 Introduction 
For the purpose of this study the Regional Acidification Information and Simulation 
(RAINS) model was used, developed at the International Institute for Applied Systems 
Analysis (IIASA), Laxenburg, Austria. The RAINS model combines information on energy 
use and agricultural activity levels with emission coefficients for SO2, NO, and NH3 to 
determine regional emission levels. Data on removal efficiencies of emission control 
technologies and costs are combined to assess the costs and emission reductions of abatement 
strategies. Results of the European Monitoring and Evaluation Program (EMEP), developed 
at the Meteorological Synthesizing Center-West (MSC-W) at the Norwegian Meteorological 
Institute, Oslo, are used to estimate the deposition of sulfur and nitrogen compounds. A 
comparison of deposition with maps of critical loads, established at the Coordination Center 
for Effects-West (CCE), Bilthoven, the Netherlands, allows for the evaluation of 
environmental impacts. In addition, dynamic simulation of the regional impacts of acid 
deposition on forest soils, lakes and silvicultural ecosystems is possible. The RAINS model 
is extensively documented in Alcamo et al. (1990). The paper employs the latest version 
(6.0) of the RAINS model. 
2.2 Costs of controlling NO, emissions 
The RAINS model contains a sub-module to assess the potential for and costs of 
alternative NO, abatement technologies. The evaluation is based in internationally reported 
performance and cost data of control devices (Amann, 1989 and 1990). The results of the 
cost estimates are not intended to predict costs for specific plants in individual countries. The 
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main objective is the consistent international comparison of costs of different emission control 
strategies, based on different energy scenarios. The necessity to evaluate costs for 38 regions 
in Europe limits the level of detail that can be maintained. 
Table 1 gives an overview of the control options included in the model and their 
removal efficiencies (%). 
Table 1. Control options for NOx emissions and their removal efficiency (%) 
For 5-s (power plants, industry) the following control options are 
considered: 
- combustion modification (CM), such as low NO, burners and optimized boiler 
design, 
- flue gas cleaning, i.e. selective catalytic reduction (SCR), 
- combined NO, control of the two above options (CM+SCR). 















For mobile sources different techniques are available for gasoline and diesel cars. For 






























- Moderate NO, reductions (- 50%) reflecting the EEC-Luxembourg compromise for 
smaller cars (EEC). This involves engine modifications and uncontrolled catalytic 
converters, 
- More demanding reductions to comply with the US standard through the application 
of three-way catalysts. 
For heavy duty trucks two classes of measures are specified: 
- A level of control reflecting US 1985 standards, to be met through incremental 
changes in existing technology (US985) 
- Control to meet the US 1991 standards, requiring in-cylinder emission control, 
electronically controlled fuel injection and maximum cooling of compressed air 
(US991). 
The estimation of costs of the different control options (for detail compare Amann, 
1989) consists of two steps: 
1. Unit costs for each technique in each country are calculated (in costs per ton NO, 
controlled or in costs per unit of energy input). 
2. These unit costs are combined with data on the volume and the structure of (future) 
energy consumption in each country to compile national cost functions for controlling 
emissions. 
First, the unit costs are estimated on the basis of standard methods of investment 
analysis from a public policy perspective. The objective of the analysis is to calculate life 
cycle costs of reducing emissions from individual source types and to relate these costs to 
the emission reduction achieved. In order to calculate the life cycle costs, the following types 
of expenditures are distinguished: investments, annual costs depending on the investment and 
operating costs. Investments are annualized using (real) interest rates (4 percent) and the 
lifetime of the installation (depends on the sector: 30 years for power plants, 20 for industry 
and 10 for mobile sources). The unit costs in a country for a specific pollution control 
technology depend on two groups of parameters: 
1. Technology-specific data that describe the typical economic and technical properties 
of control technologies, assumed to be equal for all countries: removal efficiency, 
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lifetime, the relation between investments and boiler size, the price of catalysts, 
additional retrofit costs and maintenance costs, lifetime of the catalyst, additional fuel 
consumption. 
2. Country-specific data that account for specific conditions in individual countries: 
operating hours, boiler size, energy prices (electricity and fuels) and fuel consumption 
per vehicle. 
In this way cost estimates for specific technologies are extrapolated by the model to reflect 
country-specific conditions. Table 2 gives an example result of the calculation of country- 
specific costs. For control technologies for mobile sources, Table 2 presents the average 
annual costs of reducing NO, emissions per kg NO, removed. In the calculation 50 percent 
of the costs of controlling emissions from gasoline vehicles (EEC standard or US) are 
attributed to the control of VOC emissions (reduction 50% for EEC, 90% for US-standard). 
Major differences in costs (expressed in DM of 1985) occur. The factors that come to the 
largest differences among countries are the annual fuel consumption per vehicle and the fuel 
prices for the additional energy consumption. For stationary sources similar differences in 
unit costs occur due to country specific factors. 
Secondly, the unit costs of control are then used to create 'national cost functions' for 
controlling emissions. National circumstances result in variations in the costs for applying 
the same technology in different countries in Europe. Another source of difference is to be 
found in the structural differences between the volume and the structure of energy use (e.g. 
in the transport sector) that determine the potential for application of individual control 
options. To give one example: if a country increases the share of hydro-power at the expense 
of fossil fuel, NO, emissions will be reduced. At the same time, however, the potential for 
further reducing emissions in the power plants sector by means of control technologies is 
restricted. 
Table 2. Unit costs of controlling NO, emissions from mobile sources (DMIkg NO,) 
removed. 
One way to combine these factors is to compile national cost curves. These functions 
display the lowest costs for achieving various national emission levels by applying the cost- 
optimal combination of abatement options. This is done by ranking the options according to 
their marginal costs and their individual potential for removal and can be performed for each 
sector and each fuel type. For this paper the results are based on official national energy use 











































































































UNIECE (United Nations Economic Commission for Europe) and the IEA (IEAJOECD, 
1991). 
Figure 1 gives one example of such a national cost function for Denmark for the year 
2000. Figure 1 shows both the total annual pollution control costs and the marginal costs 
(stepwise function) as function of the emissions remaining after control. The figure shows 
that unabated NO, emissions in the year 2000 in Denmark are expected at nearly 250 kiloton. 
A 30 percent reduction compared to 1980 would cost some 200 million DMIyear. The 
associated marginal costs would be slightly lower than 4000 DMIton NO, removed. Table 
3 gives a more detailed picture of the separate control options that are part of the cost 
function for Denmark. 
Table 3 shows in each row the following information: the control options, the volume 
of emission removed, the marginal costs, the per-unit costs (average costs of that specific 
measure), the total annual costs of that specific measure, the investments, the installed 
capacity, the volume of emissions remaining after abatement and, the total annual costs. The 
table for example shows that the US-1985 norm for heavy duty trucks (HDT) could remove 
16 kiloton NO, with marginal costs of 3789 DMIton NO, removed (unit costs would be the 
same). Application of the US-1991 norm for heavy duty trucks would be more expensive, 
but emissions could be reduced further by 9 kiloton. Although the average costs are only 
slightly higher than US-1985 standard (5642 DMIton), the marginal costs are considerably 
higher (8730 DMIton NO, removed) because they are based on the additional costs of the 
US-1991 compared to the US-1985 norm divided by the additional removal efficiency (which 
is only 40%). Table 3 also shows that application of the best available control technology 
would reduce emission in Denmark from 237 kiloton NO, in the year 2000 to 74 kiloton. 
The associated annual costs would be 681 million DMIyear. The marginal costs would be 
26615 DMIton NO,. The average costs would be 4178 DMIton NO,. 
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Figure 1. National cost function for controlling NO, in Denmark (2000) 
2.3 Costs of controlling SO2 emissions 
NATIaYIL COST FUICTION for WOx - Dennark 
Total Costs OEP 1992-1 Marginal Costs 
Cnio Wyrl Year 2888 CWt WOxl 
The method to construct national cost functions is the same for sulfur dioxide 
emissions as for nitrogen oxides (Amann and Korriai, 1987; Amann, 1990). Again regional 
and national potentials for emission control and the associated costs are estimated on the basis 
of detailed data on the most commonly used emission control technologies. The following 
techniques have been considered for controlling SO2 emissions: 
the use of low sulfur fuels, 
fuel desulfurization, 
combustion modification such as lime stone injection and fluidized bed combustion), 
flue gas desulfurization (wet limestone scrubbing as well as regenerative processes), 
and the 
control of industrial process emissions (e.g. through a reduction of the sulfur content 
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The economic evaluation is restricted to the above typical add-on technologies; costs 
of structural changes such as fuel switching and energy conservation are not included in this 
analysis. The cost evaluation is based on the international operating experience of pollution 
control equipment in Europe. A free and competitive market for the exchange of emission 
control technology is assumed throughout Europe. As for NO,, the cost evaluation makes use 
of technology-specific and country-specific elements (Amann, 1990). Important country- 
specific elements are the sulfur content of the fuels, annual operating hours of plants and 
boiler size (Amann and Sdrensen, 1991), and the projected pattern of energy consumption. 
3 AVERAGE AND MARGINAL COSTS OF REDUCING NOx AND SO2 
EMISSIONS 
3.1 Introduction 
This section shows the results of the following calculation: 
1. Marginal and average costs of reducing NO, emissions for all countries in the 
ECIElTA region by 30 % and 50% (compared to 1985) and according to the 
application of best available technologies (BAT). Cost estimates are given for the year 
1990 and 2000. 
2. Marginal and average costs of reducing SO2 emissions in all countries in the 
ECIEFTA region, by 60 % and 80% (compared to 1980) and according to the 
application of best available technologies (BAT). Cost estimates are given for the year 
1990 and 2000. 
3.2 Average and marginal costs of controlling NO, emissions 
Section 2 shows that an important factor that determines the costs of controlling 
emissions is the volume and structure of energy consumption in a country. This is certainly 
the case if we are interested in reducing emissions with a similar percentage over a given 
base year since in some countries energy consumption might increase much further than in 
other countries. Consequently, the volume of emissions that has to be removed, and the 
associated costs, might differ considerable among countries. Table 4 gives the development 
of NO, emissions over time for a number of cases, compared to 1985: 
30% cut-back compared to 1985, 
50% cut-back compared to 1985, 
BAT in 1990, 
BAT in 2000, 
uncontrolled emissions in 1990 and 
uncontrolled emissions in 2000. 
The interpretation of BAT used here is that maximum technically feasible reduction is 
employed. Such an interpretation does not necessarily coincide with current practice (e.g. in 
Germany). 
Table 4 shows that in some countries NO, uncontrolled emissions in the year 2000 
would be higher than in 1985 (Austria, Belgium, Finland, France, Greece, Ireland, Italy, 
Luxembourg, the Netherlands, Portugal, Spain, United Kingdom). In other countries, a 
stabilization can be expected (Germany, West and East, Norway, Sweden and Switzerland), 
and in a few cases (e.g. Denmark) emissions would even decline. These changes are solely 
due to changes in the volume and structure of the projected energy consumption in 2000 
compared to 1980. This has considerable impact on the cost to reach a flat rate reduction: 
Since Denmark's unabated NO, emissions are expected to decline, Denmark will have to 
reduce emissions less than e.g. Spain and Portugal, where the expected growth in energy 
consumption is considerable. Due to this growth in emissions, neither Spain nor Portugal will 
be able to reduce emissions by 50 percent compared to 1985, even if all technically feasible 
measures (BAT) would be applied. 
The differences in energy consumption patterns partly explain why average as well 
as marginal costs for a given flat rate reduction differ among countries (Table 5, marginal 
and average costs of reducing NO, emissions by 30 percent (compared to 1985!) in the year 
1990; Table 6, same result for the year 2000). 
Table 4. NO, emissions in the ECIEFTA region @ton NO,) 
1) 50 4% in 200 not feasible 
Table 5 indicates that in the ECIEFTA region marginal costs are expected to vary 
between 2425 and 5502 DMIton for a 30% reduction, 2688 and 8582 DWton for a 50% 
reduction and 10000 and 28453 DMIton NO, when 'Best Available Technologies' (BAT) 
would be applied. Average costs (total annual costs divided by the total volume of emissions 
reduced) for the ECIEJTA region would be 2493 DWton (30% reduction), 29 18 DMIton 
(50% reduction) and 3846 DMIton NO, (BAT). Note that a 50 percent reduction is not 
feasible in Portugal and Spain since without abatement emissions strongly increase. For 
1990, Table 5 shows that marginal costs for a 30 percent cut-back are relatively high in 
Spain and Portugal compared to e.g. Denmark. The major factor here is that emissions in 
these two countries increase considerably from 1985 to 1990. In order to bring emissions 
down to a level of 30% reduction (of 1985!) Portugal and Spain will also have to take fairly 
expensive measures. This is in contrast to Denmark where emissions decrease between 1985 
and 2000. In some countries marginal costs for a 30% and a 50% cut-back are the same 
(Sweden and Switzerland), because the same measures can be applied (in this case US- 
standards for gasoline cars) to achieve both the 30% and the 50% cut-back. In other 
countries (Norway e.g.) this measure (US-norm gasoline cars) is sufficient to attain a 30% 
reduction, but more expensive measures (US-norm 1985 for heavy duty trucks) need to be 
taken to meet the 50% reduction. 
For the year 2000 the results are somewhat different (Table 6). Marginal costs per 
ton NO, removed vary between 2000 and 8582 DM/ton for a reduction of 30%, between 
2873 and 12210 for a reduction of 50% and between 10000 and 28453 DM/ton for the 
application of 'Best Available Technologies'. Average costs gradually increase from 2797 
DMIton NO, (30% reduction) to 31 14 DM/ton (50% reduction) and up to 3980 DM/ton NO, 
(BAT). Remarkably, the costs of BAT also differ among countries, because the marginal 
costs of the same technology for the same sector and the same fuel type differ due to country 
specific circumstances (see Section 2), which leads to different average costs and as a result 
different marginal costs. 
In summary, differences in the volume and structure of future energy consumption 
patterns, as well as differences in country specific circumstances (such as boiler sizes, 
operating hours, average fuel consumption and fuel prices) lead to differences in average 
costs and, consequently, in marginal costs for reducing emissions by the same percentage 
over a given base year. 
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3.3 Average and marginal costs of controlling SO2 emissions 
Tables 7 to 9 present the results of the analysis for SO2 emissions. Table 7 shows the 
development of SO2 emissions in comparison to the base year 1980: 
a the 1980 emissions, 
the emissions required with a 60 and a 80 percent reduction over 1980, 
the emissions that can be achieved by BAT in 1990 and 2000 as well as 
the development of the unabated emissions in 1990 and 2000. 
There will be considerable differences in the development of unabated emissions over 
time among the different countries due to differences in the growth and the structure of 
energy consumption. Although in most countries uncontrolled SO2 emissions are expected 
to decrease (i.e. Germany-East due to closing down of brown coal fired power plants), in 
some countries the decrease is more rapid than in others. In Greece, unabated emissions 
would more than double up to the year 2000. 
Table 8 shows the marginal and average costs (expressed in DMlton SO2 removed, 
in constant prices of 1985) of reducing SO2 emissions in the year 1990 for all ECIEFTA 
countries. The marginal costs are the costs incurred for removing the last ton of S q  to meet 
the required reduction in emissions. Marginal costs of reducing emissions by 60 % vary 
between 295 and 5817 DMlton SO2. For an 80% reduction, marginal costs vary between 
1720 and 8670 DMlton. Application of Best Available Technologies (in this case, generally, 
the application of regenerative flue gas desulfurization) would lead to extremely high 
marginal costs between 107812 and 924529 DMIton SO2. This is mainly caused by the fact 
that the removal efficiency of the regenerative FGD process is only slightly higher (4 
percent) than that of a traditional (limestone-based) FGD process (95 % removal). Note that 
a SO2 reduction of 80 percent is not feasible in Switzerland. 
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BAT: best available 










































































































































Table 9. Marginal and average costs per ton S 4  removed in 2000 @M/ton SO2) 
Differences in cost estimates among countries are due to differences in the volumes 
of energy use, the fuel types, boiler size, operating hours, and sulfur content of the fuels. 
In France, for example, marginal costs are relatively low, mainly because part of the 
reduction in SO2 emissions in 1990 (compared to 1980) is already achieved through an 
increase in nuclear power plants. The reduction to be achieved by add-on technologies is than 
small and hence marginal and average costs are low. 
Table 8 also shows the average costs, i.e., the total annual abatement costs divided 
by the total emissions removed. Again, large differences among countries occur. The average 
costs in the ECIEFTA region increase from 829 DMIton SO2 removed (60% reduction) to 
1144 DMIton (80% reduction over 1980) and even to 2355 DMIton (BAT). 
Table 9 shows results comparable to Table 8, but for the year 2000. Since energy use 
in 2000 differs from 1990, also emission control costs are different. For a 60% reduction in 
sulfur emissions in 2000 (compared to the 1980 level) marginal costs in the region vary 
between 712 and 5817 DMIton SO2. Marginal costs for an 80% reduction are slightly higher 
(712-31874 DMIton SO2). For some countries (FRG-E, for example) the marginal costs are 
the same for a 60% and a 80% reduction, because the application of some abatement 
measures (e.g FGD on brown coal fired power plants) could achieve both a 60 and an 80% 
reduction. 
Summarizing, differences in the volume and structure of future energy consumption 
patterns, as well as differences in country specific circumstances (such as boiler size, 
operating hours, sulfur content of the fuel) lead to differences in average costs and, 
consequently, in marginal costs for reducing emissions by the same percentage over a given 
base year. 
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